A precursor microRNA (miRNA) has two arms: miR-5p and miR-3p (miR-5p/-3p). Depending on the tissue or cell types, both arms can become functional. However, little is known about their coregulatory mechanisms during the tumorigenic process. Here, by using the large-scale miRNA expression profiles of five cancer types, we revealed that several of miR-5p/-3p arms were concordantly dysregulated in each cancer. To explore possible coregulatory mechanisms of concordantly dysregulated miR-5p/-3p pairs, we developed a robust computational framework and applied it to lung cancer data. The framework deciphers miR-5p/-3p coregulated protein interaction networks critical to lung cancer development. As a novel part in the method, we uniquely applied the second-order partial correlation to minimize false-positive regulations. Using 279 matched miRNA and mRNA expression profiles extracted from tumor and normal lung tissue samples, we identified 17 aberrantly expressed miR-5p/-3p pairs that potentially modulate the gene expression of 35 protein complexes. Functional analyses revealed that these complexes are associated with cancer-related biological processes, suggesting the oncogenic potential of the reported miR-5p/-3p pairs. Specifically, we revealed that the reduced expression of miR-145-5p/-3p pair potentially contributes to elevated expression of genes in the "FOXM1 transcription factor network" pathway, which may consequently lead to uncontrolled cell proliferation. Subsequently, the regulation of miR-145-5p/-3p in the FOXM1signaling pathway was validated by a cohort of 104 matched miRNA and protein (reverse-phase protein array) expression profiles in lung cancer. In summary, our computational framework provides a novel tool to study miR-5p/-3p coregulatory mechanisms in cancer and other diseases.
INTRODUCTION
MicroRNAs (miRNAs) are small (∼21-23 nt) noncoding RNAs that are abundant in cells and function as crucial regulators of gene expression. The canonical model of miRNA biogenesis is tightly controlled by multiple enzymes that produce three major RNA products: primary (pri-), precursor (pre-), and mature miRNA (Bartel 2004) . Mature miRNA originates from the 5 ′ arm or the 3 ′ arm of the precursor product and is denoted with a -5p or -3p suffix, respectively (Kozomara and Griffiths-Jones 2014) . One of the arms is incorporated into the RNA induced silencing complex (RISC) and becomes functional, whereas the other arm is generally considered a byproduct and is typically degraded (Supplemental Fig. S1 ; scenario 1). However, recent studies have found that, depending on the tissue or cell-type, both mature miR-5p and miR-3p arms (hereafter referred to as miR-5p/-3p pair) of a pre-miRNA can be associated with the RISC (Supplemental Fig. S1 ; scenario 2) and implicated in the pathology of several types of cancer through coregulating common set of genes (Chang et al. 2013; Uchino et al. 2013; Yang et al. 2013) . For example, miR-582-5p and miR-582-3p (miR-582-5p/-3p) pair targets three mRNA-PGGT1B, LRRK2, and DIXDC1, and controls high-grade bladder cancer progression in vitro and in vivo (Uchino et al. 2013) ; and miR-17-5p/-3p pair targets TIMP3 and induces prostate tumor growth and invasion . Thus far, evidence has been obtained only through the study of specific miRNA pairs. Therefore, a robust computational framework using large-scale clinical data is required to advance our understanding of miR-5p/-3p-mediated critical coregulatory mechanisms in the etiology of cancer.
Motivated by the above experimental discoveries, we developed a novel computational framework and applied it to lung cancer to elucidate the critical roles of miR-5p/-3p pairs in its pathological process. This framework deciphers the cooperative regulation ability of miR-5p/-3p pairs under the premises that (1) coexpressed genes are more likely to be coregulated (Ideker et al. 2001; Amar et al. 2013) , and (2) the expression correlation between two genes may reflect an induced association due to a mutual association with regulating molecule(s) (Barzel and Barabasi 2013) . If the degree of coexpression between the two genes (e.g., genes g x and g y ) is indeed induced because of a mutual association with the regulating molecules (e.g., miR-5p/-3p pair), the observed degree of coexpression would be expected to be lower after the regulating molecules are removed. In such a scenario, the degree of reduction of gene coexpression may quantify how strong the association is between the regulators and the targets, and this could be utilized as a feature in predicting miR-5p/-3p coregulated target genes.
Pearson product moment or Spearman's rank-correlation coefficient (Spearman's ρ) only computes the expression correlation between g x and g y , and confounds our ability to ascertain the effect of common regulating molecule(s) in the observed gene coexpression event (Barzel and Barabasi 2013) . However, this limitation can be overcome by the use of partial correlation statistic. By definition, a partial correlation measures gene coexpression with the effect of a set of controlling variables removed (Crawley 2005; Chen and Zheng 2009) . In our study, the two mature miRNA arms are the two controlling variables; hence, we used second-order partial correlation (SOPC). We computed the reduction of gene coexpression in terms of "relative difference" between the Spearman's ρ and the SOPC, and then carefully utilized that in predicting miR-5p/-3p coregulated target genes. Next, we computed the gene expression correlation for each pair of interacting proteins in the curated human protein-protein interaction (PPI) network (Cowley et al. 2012 ) to find a meaningful biological context for miR-5p/-3p coregulated genes.
This study elucidated several novel and important insights. Firstly, our computational approach allowed us to systematically explore the miR-5p/-3p coregulation ability in cancer. Secondly, we applied our approach to lung cancer data and identified a large pool of aberrantly expressed miR-5p/-3p pairs. Thirdly, we derived a new scoring system that prioritized dysregulated protein complexes in lung cancer predicted to be targeted by the aberrantly expressed miR-5p/-3p pairs. Finally, a network functional analysis revealed a candidate miR-5p/-3p pair that may induce uncontrolled cell proliferation and alter the cell cycle progression process in lung cancer by modulating the expression of genes in the FOXM1 transcription factor network pathway. These results demonstrate that our network-assisted analyses could elucidate potentially critical miR-5p/-3p pairs, as well as new insights into the regulatory mechanisms in lung cancer.
RESULTS

Concordantly dysregulated miR-5p/-3p arms in lung cancer
We started our analyses by using a large pool of 243 lung squamous cell carcinoma (LUSC) patient samples and 36 normal lung tissue samples to pinpoint differentially expressed (DE) miR-5p/-3p pairs in lung cancer. The miRNA expression data were obtained from The Cancer Genome Atlas (TCGA) data portal (see Materials and Methods). Relevant clinical characteristics of the available patient samples are provided in Supplemental Table S1 .
It has been observed that subtle changes in miRNA expression; for example, a 1.5-fold change, can have significant impacts on the biology of the cell (Mestdagh et al. 2009; Gorter et al. 2014) . By combining a 1.5-fold change with a strictly adjusted P value cut-off of <10 −3 (adjusted using the Benjamini-Hochberg (BH) multiple testing correction method (Benjamini and Hochberg 1995) , we obtained 23 miR-5p/-3p pairs that were DE in LUSC compared with normal lung tissue samples (see Materials and Methods and  Table 1 ). Remarkably, the two DE arms from the same premiRNA showed concordant dysregulation pattern; that is, both arms were either significantly up-regulated or down-regulated in LUSC (Fig. 1) , and they were highly coexpressed (Spearman's ρ ranged from 0.3 to 0.9, median = 0.78, correlation adjusted P < 10 −6 , adjusted by the BH method) (Supplemental Fig. S2 ).
Of note, we also analyzed four other cancer types including breast invasive carcinoma, lung adenocarcinoma, kidney renal clear cell carcinoma, and prostate adenocarcinoma using large-scale miRNA-seq expression profiles extracted from TCGA-data portal (sample information is provided in Supplemental Table S2 ). Intriguingly, we found the same dysregulation pattern as observed in Figure 1 (Supplemental Fig.  S3) . Existence of such a large pool of concordantly dysregulated miR-5p/-3p pairs, in each cancer, indicates that collectively they may play important role in tumorigenesis.
An integrative framework for miR-5p/-3p coregulatory network construction
Here, we constructed a computational framework to predict miR-5p/-3p coregulated protein interaction networks in lung cancer by integrating concordantly dysregulated miR-5p/-3p pairs in LUSC, matched miRNA and mRNA expression profiles in LUSC, and the gene coexpression after mapping it to the human PPI network (see Materials and Methods; Fig.  2A-C) . We integrated human PPI data and mRNA-seq expression profiles by computing the expression correlation of the PPI pairs to construct a comprehensive and contextspecific Coexpressed PPI (CePPI) network. This resulted in 20,427 CePPI pairs in which the observed gene expression correlations were significant (Spearman's ρ > 0.3, adjusted P < 10 , adjusted by the BH method) (see Materials and Methods; Fig. 2B ). We applied sequence-based and expression profile-based miRNA-target identification features (Grimson et al. 2007; Bandyopadhyay and Mitra 2009; Liu et al. 2014 ) to predict miR-5p/-3p coregulated CePPI pairs, termed as CoRegulation (CoReg) motifs (see Materials and Methods; Fig. 2C ). To minimize false-positive results, we filtered the CoReg motifs by using the following procedure: For each potential CoReg motif, we computed the secondorder partial correlation (SOPC) (Crawley 2005; Chen and Zheng 2009) to infer the gene expression correlation of the CePPI pair after removing the effect of the potential coregulating miR-5p/-3p pair (see Materials and Methods). Subsequently, we computed the "relative difference" between the Spearman's ρ and SOPC to measure changes in gene coexpression. The "relative difference" values were then converted to Z-scores, which we termed as coregulation motif (Z CoReg ) scores. The Z CoReg score may explain the strength of the regulator-target association in a CoReg motif. The obtained Z CoReg scores were subsequently used to generate P values by comparing them with the normal distribution (see Materials and Methods). We selected 2356 potential 3.69 1.14 × 10
a P values were adjusted using the Benjamini and Hochberg (1995) multiple testing correction method.
FIGURE 1. Concordant dysregulation of miR-5p and miR-3p arms in LUSC. miR-5p/-3p pairs are denoted by empty circles if both arms were up-and down-regulated, respectively, in tumor samples compared with normal tissue samples. Solid circles denote the miR-5p/-3p pairs whose one or both arms were not differentially expressed. The x-axis and y-axis represent the expression fold change of the miR-3p and miR-5p arm, respectively.
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CoReg motifs by applying a Z CoReg cut-off value >1.6 and P < 0.05. For the selected CoReg motifs, consecutive measuring of Spearman's ρ (median=0.43) and SOPC (median=0.28) pinpointed significant reduction of expression correlation of the CePPI pairs (P < 2.2 × 10 −16 , Wilcoxon rank-sum test). Of note, we observed that the median SOPC score was lower than the smallest Spearman's ρ score (Fig. 2D ). The selected CoReg motifs consisted of 17 miR-5p/-3p pairs and 1618 CePPI pairs. The number of predicted targets for each miR-5p/-3p pair is summarized in Supplemental Figure S4 .
Subsequently, we computed the first-order partial correlation (FOPC). An FOPC computes gene expression correlation after removing the effect of a single controlling variable (here, either miR-5p or miR-3p arm). The FOPC measurement is required to examine the effect of an individual miRNA arm on the expression correlation of the potentially targeted CePPI pairs. We observed that gene coexpressions were reduced significantly with the effect of the individual miRNA arm was removed (Fig. 3) . These results may suggest that gene coexpression was strongly and unbiasedly influenced by both miR-5p and miR-3p arms in the selected CoReg motifs.
Prioritizing miR-5p/-3p coregulated protein complexes in lung cancer
Considering that the functional units in a cellular system are often protein complexes rather than individual proteins (Sass et al. 2011 ), we prioritized miR-5p/-3p coregulated protein complexes to decipher the functional relevance of the two mature miRNA arms that originated from the same ′ UTR of g x or g y , potentially effective miRNA binding sites (6mer/7mer-A1/7mer-m8/8mer) were identified. If miR-5p (or miR-3p) arm potentially targets g x or g y , and the miRNA-gene pair was inversely correlated, the pair was selected. Subsequently, miR-5p/-3p-mediated coregulation (Z CoReg ) score was derived to select miR-5p/-3p-mediated CoRegulation (CoReg) motifs with a Z CoReg threshold of >1.6 and P < 0.05 (see Materials and Methods). Red and green triangles represent up-and down-regulated miRNAs, respectively, in lung cancer. (D) Gene coexpressions become significantly lower (P < 2.2 × 10 −16 , Wilcoxon rank-sum test) with the effect of potentially regulating miR-5p/-3p arms removed. The effect was removed by using the second-order partial correlation statistic. The reduction of gene coexpression is shown in the box plots (inset) along with the median (line within the box), 25th and 75th percentiles, and whiskers with 1.5× the interquartile range.
precursor product. Among the 20,427 background CePPI pairs identified above, 1618 belonged to the selected CoReg motifs. We first identified hub proteins from the background CePPI networks. A protein was labeled a hub if the protein had at least 10 interacting protein partners (Haynes et al. 2006) . A degree cut-off value of 10 corresponded to approximately the top 15% of the node degree distribution. We derived protein complexes by selecting the hub's direct interacting partners in the network, as described by Börnigen et al. (2013) (see Materials and Methods). We obtained 1041 protein complexes, among which 396 were linked with at least one miR5p/-3p pair.
We introduced a scoring system to prioritize the protein complexes that had biologically meaningful associations with the miR-5p/-3p pairs. The scoring system selected 35 protein complexes that were significantly enriched with the miR-5p/-3p coregulated CePPI pairs (Hypergeometric test, adjusted P < 10 , adjusted by the BH method). Subsequently, we ranked the complexes based on the derived scores, termed as composite score (CS). The CS takes into account the average expression correlation of the complex members, the average Z CoReg score, and the average inverse correlation between the miRNA and potential targets in the complex (see Materials and Methods for details). These three FIGURE 3. Reduction of gene coexpression with the effect of miR-5p or miR-3p arm removed. For each miR-5p/-3p pair, predicted CoReg motifs were selected. The analysis shows comparative results of correlation (measured by Spearman's ρ), first-order partial correlation (FOPC) with the effect of miR-5p arm removed, and FOPC with the effect of miR-3p arm removed. Box plots elucidate the reduction of gene coexpression after removing the effects of only the miR-5p arm or only the miR-3p arm, compared with the correlation value. The inside table shows the statistical significance of the reduction of gene coexpression (Wilcoxon rank-sum test). Results for the miR-181a-5p/-3p pair are not shown because the number of CoReg motifs=2.
attributes are biologically meaningful. The first term reflects how strong the association is between the complex members. The second term explains the influence of potentially regulating miR-5p/-3p pairs in the association of the complex members. Finally, the third term reflects the strength of the inverse association between the miRNA and potential target pair. Complex-wise predicted CoReg motifs are listed in Supplemental Table S3 .
Among the 35 complexes, 21 were potential targets of the eight up-regulated miR-5p/-3p pairs in LUSC. We categorized these complexes as Group 1. The remaining 14 complexes were categorized as Group 2; they were potential targets of nine down-regulated miR-5p/-3p pairs (Fig. 4) . For the Group 1 complexes, predicted targets were downregulated in LUSC compared with normal lung tissue samples. Intriguingly, among the 21 complexes, the majority (18 or 85.71%) had a median down-regulation of more than twofold. For the Group 2 complexes, the predicted targets were up-regulated. Approximately half of these complexes (8 out of 14 or 57.14%) had a median up-regulation of more than twofold. The up-or down-regulation of protein complexes was synchronized with the down-or up-regulation of miR-5p/-3p pairs, respectively, which is biologically meaningful. These results support the general understanding of miRNA-mediated target repression. Of note, we did not consider differential gene expression values to derive the CS; hence, the observed associations were not due to the underlying scoring strategy.
For the top 10 complexes, we conducted a functional analysis using the biological process terms of Gene Ontology (GO) (Ashburner et al. 2000) by using the software WebGestalt (Zhang et al. 2005) . For each complex, we selected only the top five significantly over-represented biological processes (hypergeometric test, adjusted P < 0.05, adjusted by the BH method) using the tool REVIGO, which summarizes the list of nonredundant GO terms (Supek et al. 2011) . We identified all the complexes associated with at least one GO term that is closely related to the cancer-associated biological process, such as "regulation of apoptotic process," "regulation of cell differentiation," and "cell cycle checkpoint" (Supplemental Fig. S5 ). The results suggest that the aberrant expression of these complexes may interrupt the normal biological functions and contribute tumorigenesis.
Next, we selected one candidate miR-5p/-3p pair and performed an in-depth analysis using a systems biology approach to determine its pathogenic potential in lung cancer. Among the 17 miR-5p/-3p pairs, miR-145-5p and miR-145-3p were found to be not only down-regulated in LUSC (Table 1), but were also down-regulated in highly aggressive osteosarcoma cell lines compared with nonaggressive cell lines (5.1-and 4.2-fold down-regulation, q-value = 0.014 and 0.016, respectively) (Lauvrak et al. 2013) , as well as in intracranial aneurysm patients compared with controls (more than twofold down-regulation, P < 0.05; down-regulation was further confirmed by qRT-PCR) (Jiang et al. 2013) . While multiple studies (Jiang et al. 2013; Lauvrak et al. 2013) , including ours, reported the down-regulation of this miRNA pair in different diseased conditions, little is known about its coregulatory mechanism in lung cancer or other diseases.
miR-145-5p/-3p pair potentially alters 'cell cycle progression,' leading to uncontrolled cell proliferation
From the selected 2356 CoReg motifs, we obtained 325 protein-coding genes that were predicted to be coregulated by the miR-145-5p/-3p pair. For each gene, we computed the average Spearman's ρ from miR-145-5p-gene pairs and miR-145-3p-gene pairs. The top 20% (65 genes) highly anti-correlated genes (ranging from −0.48 to −0.59) were selected FIGURE 4. Protein complexes predicted to be coregulated by miR-5p/-3p pairs. The x-axis represents 35 protein complexes that were potentially coregulated by miR-5p/-3p pairs. The complex name is represented by the hub protein followed by the rank (example: TGFBR2_1 represents a protein complex in which TGFBR2 is the hub protein, and the rank of this complex is 1). Two distinct groups of complexes were observed. Members of 21 complexes showed down-regulation, while the remaining 14 complexes showed up-regulation. Down-or up-regulated complexes were predicted to be targeted by one or multiple up-(heat map; values denote the fold change) or down-regulated (heat map; values denote the fold change) miRNAs. The y-axis represents a log2 fold change of complex members that were predicted to be targeted by the miR-5p/-3p pair. The median fold change is shown by the line within the box.
for pathway enrichment analysis. We selected the top 10 significantly enriched pathways (BH adjusted P < 10 −9 ; Supplemental Table S4 ) from the Pathway Common database (Cerami et al. 2011) , which is embedded into the software WebGestalt (Zhang et al. 2005) . These pathways are associated with functions related to "cell cycle checkpoints," "cell cycle stages," and "cell cycle progression." One of the top 10 pathways was the "FOXM1 transcription factor network," which consisted of a transcription factor (TF) FOXM1 and five genes: BIRC5, CCNA2, CCNB1, CKS1B, and NEK2. Literature-based evidence suggests that FOXM1 directly regulates these genes (Wonsey and Follettie 2005; Zhan et al. 2007; Petrovic et al. 2008; Li et al. 2012 ). Importantly, both FOXM1 and these genes were up-regulated (ranging from 4.96-to 24.93-fold) in LUSC (Supplemental Table S5 ) and their elevated expression alters cell cycle progression, leading to uncontrolled cell proliferation, which is the hallmark of cancer. Another proliferation-related gene CCNE2 (6.32-fold up-regulated in LUSC; belongs to the top 20% anti-correlated genes, as mentioned above), is also involved in cell cycle progression (Gudas et al. 1999 ). Hence, we included the TF FOXM1 and the six genes, including CCNE2, to construct a miR-145-5p/-3p coregulatory sub-network specific to the process of "cell cycle progression" (Fig. 5A) . The results suggest that the elevated expression of these genes and the TF FOXM1 could be the consequence of significant down-regulation of miR-145-5p/-3p pair in LUSC. Importantly, we reexamined miR-145-5p/-3p-FOXM1, miR-145-5p/-3p-CCNB1, and miR-145-5p/-3p-CCNE2 associations using a cohort of 104 matched miRNA and protein expression profiles in LUSC to determine whether the regulatory relationships were consistent at both the transcriptional and protein levels.
miR-145-5p/-3p pair potentially modulates FOXM1, CCNB1, and CCNE2 protein expression in a synergistic manner Among the 243 LUSC patient samples that were used in this study, 104 samples also had reverse-phase protein array (RPPA) data for FOXM1, CCNB1, and CCNE2 proteins (a subset of the predicted targets mentioned in Fig. 5A ) in the Cancer Proteome Atlas (TCPA) database , which is part of the TCGA project. We sorted the 104 patient samples in ascending order by miR-145-5p expression values and divided them into four quartile groups. Separately, we performed the same task for miR-145-3p. If the samples belonged to the first 25th percentile in both miR-145-5p and miR-145-3p expression profiles, we denoted these samples as "both low." If the samples belonged to the first 25th percentile in one expression profile, we denoted these samples as "one low." Similarly, we denoted the samples as "both high" and "one high" if they were in the 75th-100th percentile range in both expression profiles and one expression profile, respectively. The number of samples and the patient IDs in each category are provided in Supplemental Table S6 .
We observed that FOXM1, CCNB1, and CCNE2 protein expressions were significantly elevated in the samples categorized as "both low" (P = 2.52 × 10 −4 , 3.29 × 10 −4 , and 0.01 for FOXM1, CCNB1, and CCNE2, respectively), compared with the samples designated as "both high," or "one low" (P = 0.02, 0.02, and 0.09, respectively; the last P-value is marginally significant, but showed the same trend). Similarly, elevated expressions were also observed when we compared "both low" with "one high" group of samples (Fig. 5B) . These results suggest that simultaneous down-regulation of miR-145-5p/-3p FIGURE 5. miR-145-5p/-3p pair potentially alters the "cell cycle progression" process in lung cancer. (A) "FOXM1 transcription factor network" pathway members were predicted to be coregulated by the miR-145-5p/-3p pair. Along with the gene CCNE2, these pathway molecules were significantly up-regulated in LUSC, leading to the altered "cell cycle progression" process. Triangle nodes: down-regulated miRNA; square node: up-regulated TF; circle nodes: up-regulated genes. Up-or down-regulation was measured in LUSC compared with normal lung tissue samples. (B) Protein expression of the predicted targets was modulated by coregulating miR-5p/-3p expression. The samples have matched miRNA and protein expression profiles. Sample grouping was performed based on the expression levels of miR-145-5p and miR-145-3p. Both low: miR-145-5p and miR-145-3p expressions were low (belonging to the first 25th percentile after sorting the samples by expression level). One low: either miR-145-5p or miR-145-3p expression belonged to the first 25th percentile. Both high: miR-145-5p and miR-145-3p expressions were high (belonging to the 75th-100th percentile). One high: either miR-145-5p or miR-145-3p expression belonged to the 75th-100th percentile. Statistical significance in expression difference was marked as ( * * * ) P < 0.001, ( * * ) P < 0.05, and ( * ) P < 0.1 (Wilcoxon rank-sum test).
miR-5p/-3p coregulatory networks in lung cancer www.rnajournal.org 1061 pair might be the reason for the elevated protein expression of FOXM1, CCNB1, and CCNE2. Using this data set, we further found a strong inverse association between miR-145-5p-FOXM1 (Spearman ρ = −0.27, P = 2.56 × 10 −3 ), miR-145-3p-FOXM1 (Spearman ρ = −0.36, P = 7.66 × 10 −5 ), miR-145-5p-CCNB1 (Spearman ρ = −0.32, P = 4.25 × 10 −4 ), miR-145-3p-CCNB1 (Spearman ρ = −0.34, P = 2.01 × 10 −4 ), miR-145-5p-CCNE2 (Spearman ρ = −0.32, P = 4.22 × 10 −4 ), and miR-145-3p-CCNE2 (Spearman ρ = − 0.22, P = 1.10× 10 −2 ). In summary, these results are reproducible in large-scale transcriptomic and proteomic data. The reproducible regulatory relationships likely reflect the true biological regulations in a cellular system, though future studies of their functions are warranted.
DISCUSSION
In this study, for the first time, we constructed miR-5p/-3p coregulatory protein interaction networks in lung cancer (LUSC). Our framework started with the identification of concordantly dysregulated miR-5p/-3p pairs in LUSC. Next, we integrated gene expression correlation onto the human PPI network to generate a meaningful biological context in terms of functional association for miR-5p/-3p coregulated genes. One important outcome of this comprehensive study was the identification of 17 concordantly dysregulated miR-5p/-3p pairs in LUSC that potentially modulate the expression of cancer-associated protein complexes. This suggests that the reported miR-5p/-3p pairs may have critical roles in tumor development and/or progression.
Furthermore, we found notably strong inverse associations between miR-145-5p/-3p-FOXM1, miR-145-5p/-3p-CCNB1, and miR-145-5p/-3p-CCNE2 pairs in both the large-scale transcriptional and protein expression profiling data that have matched miRNA expression profiles. These reproducible molecular associations within the miR-145-5p/-3p coregulatory sub-network increase the confidence in the miR-145-5p/-3p-mediated alteration of the "cell cycle progression" process, which may ultimately result in uncontrolled cell proliferation.
One main issue in this large-scale computational data analysis is to control the false positives during the construction of regulatory relationships. To minimize the effect of false positives, an additional level of filtering was introduced by using a novel miRNA-target identification feature called "relative difference," which was designed based on the premise that coregulating molecule(s) may induce the coexpression of their common target genes (Barzel and Barabasi 2013) . It is imperative to mention that we evaluated the predictive power of "relative difference" using the experimentally validated miRNA-target-gene pairs extracted from the TarBase 6.0 database (Vergoulis et al. 2012) . We identified 257 highly confident CoReg motifs (Supplemental Table S7 ), of which 254 (98.83%) showed a prominent reduction in expression correlation (P < 2.2 × 10 −16 , Wilcoxon rank-sum test) of the experimentally validated target-gene pairs after removing the effect of coregulating miRNA pairs (Supplemental Fig. S6 ). Furthermore, we compiled 27 non-CoReg motifs, each of which contains at least one miRNA-nontarget-gene pair from experimental data (reporter gene assay). These miRNA-nontarget-gene pairs were detected as false-positives (Supplemental Table S8 ) after using sequence-based and expression profiling-based (anti-correlation) filtering steps mentioned in Figure 2C . The false-positive target genes were then used to extract coexpressed PPI (CePPI) pairs. We then constructed 27 non-CoReg motifs (listed in Supplemental Table S9 ) by linking the CePPI pairs with the corresponding miR-5p/-3p arms, and in this case one interaction in a motif is a known false positive. After removing the effect of the miR-5p/-3p arms using the second-order partial correlation, the result showed either no reduction or very weak reduction of gene coexpression (Supplemental Fig. S7 ). This evaluation result suggests that the feature "relative difference" provides an additional level of filtering to remove miR-5p/-3p coregulated false-positive motifs.
There are some limitations in this study. First, due to the unavailability of independent miR-5p and miR-3p expression profiling data in LUSC, we were unable to examine whether the concordant dysregulation patterns of miR-5p/-3p pairs are reproducible. However, we observed that the miR-145-5p/-3p pair is down-regulated in multiple diseased conditions (Jiang et al. 2013; Lauvrak et al. 2013) , which supports our results. Second, the expression profiles (mRNA, miRNA, and protein) we used in this study may not truly reflect the dynamic regulation in a cellular system, especially considering that cancer is highly heterogeneous. However, our integrative approach likely allows us to overcome such a limitation and identify the major regulation patterns.
In summary, we demonstrated that miR-5p/-3p coregulation is an important regulatory mechanism in developing cancer. The results provide important candidates for further experimental validation and, if validated, may help us to have a deeper understanding of the regulatory mechanisms of lung cancer.
MATERIALS AND METHODS
Analysis of mRNA and miRNA expression profiles
We obtained RNA-seqV2 data for mRNA expression and miRNAseq data for miRNA expression from 243 tumor and 36 normal lung tissue samples, available in TCGA-data portal (https://tcgadata.nci.nih.gov/tcga/). The data sets consist of both read counts and normalized expression values for mRNAs and mature miRNAs.
We used the read counts to identify differentially expressed genes and miRNAs. The read counts were imported into the R/ Bioconductor package edgeR (Robinson et al. 2010) . The differential expression of genes/miRNAs between tumor and normal samples was assessed by estimating an exact test P value, similar to Fisher's exact test. The results were further adjusted using the Benjamini-Hochberg (BH) multiple testing correction method (Benjamini and Hochberg 1995) .
To compute the Spearman rank-correlation (Spearman's ρ) and partial correlation coefficient, we used normalized mRNA and miRNA expression profiles. The R package cor.test and ppcor (http://CRAN.R-project.org/package=ppcor) were used to compute the correlation and partial correlation, respectively.
Coexpressed protein-protein interaction networks
PPIs were downloaded from the Protein Interaction Network Analysis version 2 (PINA v2.0) database, which collected and curated 108,477 PPI pairs from six manually curated public repositories (Cowley et al. 2012) . Only the experimentally validated PPIs were used. For each PPI pair, we computed Spearman's ρ using the mRNA expression profiles of 243 tumor and 36 normal lung tissue samples (Fig. 2B) . Finally, we obtained 20,427 significantly coexpressed PPI (CePPI) pairs (Spearman's ρ > 0.3, adjusted P < 10 , adjusted by the BH method).
Prediction of miRNA-mediated gene repression
We obtained 4138 protein-coding genes from 20,427 CePPI pairs. For these genes, we downloaded their 3 ′ untranslated region (UTR) annotations from the University of California, Santa Cruz (UCSC) Genome Browser (http://genome.ucsc.edu/). For human mature miRNA sequence, we downloaded the data from the miRBase database (Release 20) (Kozomara and Griffiths-Jones 2014) . miRNAtarget relationships were predicted by using miRNA-target identification features, as explained in Bandyopadhyay and Mitra (2009) . We first identified miRNA binding sites in the 3 ′ UTR of the target transcript. The binding sites should be of one of the 6mer/7mer-A1/ 7mer-m8/8mer (Bandyopadhyay and Mitra 2009) . A predicted miRNA-target-gene pair must have at least one potentially effective or functional miRNA binding site. Binding sites were defined as potentially effective if the sites do not reside too close (≤15 nt) to the stop codon nor near the middle of the 3 ′ UTR of the target transcript (Grimson et al. 2007; Bandyopadhyay and Mitra 2009) . We divided the entire 3 ′ UTR sequence of a transcript into ten bins, and a site was regarded as effective if it resided in one of the four terminal bins from both ends ( Fig. 2C ; Bandyopadhyay and Mitra 2009). Thereafter, for each miRNA-gene pair, we computed Spearman's ρ using the matched miRNA and mRNA expression profiles. Significantly anti-correlated (BH adjusted P < 0.05) miRNA-gene pairs were selected for follow-up analysis.
Prediction of CoReg motifs using second-order partial correlation
We applied partial correlation to remove the effect of miR-5p and miR-3p arms in the gene expression correlation of CePPI pairs. A partial correlation measures the degree of association between two random variables with the effect of controlling random variable(s) removed (Crawley 2005; Chen and Zheng 2009) . The order of partial correlation is determined by the number of controlling random variables. If the controlling variable is one, we compute the first-order partial correlation (FOPC). Since miR-5p and miR-3p are the two controlling variables, we computed the second-order partial correlation coefficient (SOPC).
Let us assume that, at the transcript level, a CePPI pair has two genes, g x and g y . Let us also assume that 5p and 3p represent the miR-5p arm and miR-3p arm, respectively. The Spearman's ρ is denoted by r gxgy . The FOPC between g x and g y conditioning on 5p is r gxgy.5p = r gxgy − r gx5p r gy5p
(1 − r 2 gx5p )(1 − r 2 gy5p )
.
The SOPC between g x and g y conditioning on 5p and 3p is r gxgy.5p3p = r gxgy.5p − r gx3p.5p r gy3p.5p
(1 − r 2 gx3p.5p )(1 − r 2 gy 3p.5p )
Therefore, for each CePPI pair, we obtained correlation (r gxgy ) and SOPC (r gxgy.5p3p ). If r gxgy.5p3p , r gxgy , we computed the "relative difference" (d r ) between the correlation and the partial correlation coefficient by d r = r gxgy − r gxgy.5p3p ((r gxgy + r gxgy.5p3p )/2) .
From the list of d r values, we computed the Z-scores (termed as Z CoReg ) by
We then transformed the computed Z CoReg scores into P values by comparing with normal distribution. The motifs having a cut-off value >1.6 and P < 0.05 were selected as potential CoReg motifs.
Coordinated expression of protein complexes
Let a protein complex C consists of a hub protein H and its interacting partner proteins I 1 , I 2 , …, I n , n > 10. We computed the gene expression correlation (Spearman's ρ) between H and I i (denoted by r I,H ) across 279 samples (243 LUSC and 36 normal lung tissue samples). Average of these single coexpression values (AC C ) represent the "coordinated expression" of complex C (Börnigen et al. 2013 ):
r Ii,H n .
The "coordinated expression" explains how strongly the member proteins in a complex are connected to the hub protein (Börnigen et al. 2013 ).
Prioritizing miR-5p/-3p coregulated protein complexes
To assess if a miR-5p/-3p pair cooperatively regulates a significant portion of the members in a protein complex C, we performed an enrichment analysis based on the hypergeometric test and computed the P value (P C ) as below:
where N is the total number of CePPI pairs; m is the number of CePPI pairs predicted to be coregulated by a miR-5p/-3p pair miR-5p/-3p coregulatory networks in lung cancer www.rnajournal.org 1063
with Z CoReg > 1.6 and P < 0.05, n is the number of r Ii,H pairs, i = 1, 2, …, n, in the protein complex C, and k is the number of r i,H pairs in the protein complex C with Z CoReg > 1.6 and P < 0.05. The obtained P values were further corrected for multiple testing using the BH method. All protein complexes with an adjusted P < 10 −3 were selected. We ranked the selected complexes by deriving the composite scores (CS).
A composite score for protein complex C (CS C ) was computed by integrating three values: AC C , average Z CoReg (AZ CoRegC ), and the average inverse correlation (AIC C ) between the miRNA and potential target genes. Adj.P C returns a binary score of 1 or 0, depending on whether or not the enriched portion of the complex members was predicted to be coregulated by miR-5p/-3p pairs:
CS C = Adj.P C * (AC C , AZCoReg C , AIC C ), where Adj.P C = 1 if Adj.P C < 10 −3 , 0 otherwise.
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